Chlamydia belong to the group of obligate intracellular bacteria that reside in a membrane bound vacuole during the entire intracellular phase of their life cycle. This vacuole called inclusion shields the bacteria from adverse influences in the cytosol of the host cell like the destructive machinery of the cell-autonomous defence system. The inclusion thereby prevents the digestion and eradication in specialised compartments of the intact and viable cell called phagolysosomes or autophagolysosomes. It is becoming more and more evident that keeping the inclusion intact also prevents the onset of cell intrinsic cell death programmes that are activated upon damage of the inclusion and direct the cell to destruct itself and the pathogen inside. Chlamydia secrete numerous proteins into the inclusion membrane to protect and stabilise their unique niche inside the host cell. We will focus in this review on the diverse attack strategies of the host aiming at the destruction of the Chlamydia-containing inclusion and will summarise the current knowledge on the protection mechanisms elaborated by the bacteria to maintain the integrity of their replication niche.
| THE CHLAMYDIA-CONTAINING VACUOLE
The family Chlamydiaceae comprises pathogenic and environmental species, which all share the feature of an obligate intracellular life style. The most human relevant species are Chlamydia trachomatis (Ctr) and Chlamydia pneumoniae (Cpn) . Ctr is the main causative agent of sexually transmitted diseases resulting in pelvic inflammatory disease (Bartlett, Levison, & Munday, 2013) and infertility in women (Baud & Greub, 2011) . Furthermore, ocular Ctr infections called trachoma are the leading cause of preventable blindness worldwide (Wright, Turner, & Taylor, 2008) . In contrast, Cpn infects the upper respiratory tract causing community-acquired pneumonia, bronchitis (Grayston et al., 1993) , or asthma (Hahn, 1998) . Besides the two major human pathogenic Chlamydia species, Chlamydia psittaci (Cps) can be transmitted from birds to humans and may cause severe pneumonia called psittacosis (Knittler & Sachse, 2015) . Zoonotic transmission of the murine Chlamydia strain Chlamydia muridarum (Cmu) to humans has not been described; however, in vivo infection models of Cmu are widely used to understand host tropism and adaptation (Haldar et al., 2015; Haldar et al., 2016) .
All Chlamydia share a biphasic life cycle characterised by two distinct forms, the infectious elementary body (EB) and the replicative reticulate body (RB; Moulder, 1991) . Upon entry into their host cell, the EBs differentiate into RBs and replicate in a membrane bound compartment called inclusion. After multiple rounds of replication, the RBs redifferentiate into EBs and are released by host cell lysis or extrusion to infect neighbouring cells (Hybiske & Stephens, 2007) .
EBs invade their host cell by receptor-mediated endocytosis (Elwell, Mirrashidi, & Engel, 2016; Mehlitz & Rudel, 2013) and subsequently block targeting of the inclusion to the lysosomal pathway. Instead, Chlamydia induce dynein-dependent transport of the nascent inclusion along microtubules to the microtubule-organising centre in the perinuclear region (Grieshaber, Grieshaber, & Hackstadt, 2003; Mital, Miller, Fischer, & Hackstadt, 2010) . There, the growing inclusion is embedded in a compact cage consisting of Actin, Septins, and Vimentin cytoskeleton filaments Volceanov et al., 2014; Wesolowski & Paumet, 2017) . Moreover, Chlamydia promote fusion of the inclusion with nutrient-rich vesicles of the exocytic pathway to obtain lipids and other metabolites from the host cell (Carabeo, Mead, & Hackstadt, 2003; . This selective vesicle fusion is achieved by recruitment of specific members of Rab GTPases, phosphoinositide lipid kinases, and SNARE proteins with the help bacterial effector proteins present on the inclusion membrane-the so-called Inc proteins (Damiani, Gambarte Tudela, & Capmany, 2014; Kabeiseman, Cichos, Hackstadt, Lucas, & Moore, 2013; Lucas, Ouellette, Kabeiseman, Cichos, & Rucks, 2015; Moorhead, Jung, Smirnov, Kaufer, & Scidmore, 2010) . Inc proteins are secreted by a type 3 secretion system and are not well conserved between the individual Chlamydia species; however, all members of the Inc protein family share a bilobed hydrophobic domain composed of at least two transmembrane domains connected with a short hairpin loop (Bannantine, Griffiths, Viratyosin, Brown, & Rockey, 2000; Dehoux, Flores, Dauga, Zhong, & Subtil, 2011; Lutter, Martens, & Hackstadt, 2012) . With the establishment of genetic tools for Chlamydia within the last years (Sixt et al., 2017) , new insights in the role of Inc proteins during infection were obtained.
Some Inc proteins specifically regulate interaction with host cell proteins and compartments (see above) whereas others are crucial for inclusion stability and evasion from cell-autonomous host defence .
Every cell is equipped with a collection of inherent self-defence mechanisms effective in opposing intracellular pathogens independently of professional immune cells (MacMicking, 2012) . These cell-autonomous defence strategies comprise the targeting of the pathogen to phagolysosomes or autophagosomes, interferone (IFN)-dependent expression of cytokines and antimicrobial effectors or the activation of inflammasomes and host cell death. Chlamydia, as one of the most successful intracellular pathogens, are able to circumvent all these defence mechanisms (Finethy & Coers, 2016; Fischer & Rudel, 2016) .
| RECOGNITION OF THE INCLUSION BY CELL-AUTONOMOUS DEFENCE MECHANISMS
Directly after host cell entry, Chlamydia avoid destruction of the inclusion in lysosomal compartments by manipulating vesicular trafficking.
Chlamydia have to actively maintain the nonlysosomal nature of the inclusion by secretion of effector proteins also during the later phase of the infection (Damiani et al., 2014; Scidmore, Rockey, Fischer, Heinzen, & Hackstadt, 1996) . For other intracellular bacteria like Salmonella, Legionella, or Mycobacteria, it was shown that secreted effector proteins actively prevent the recognition and ubiquitination of the pathogen-containing vacuole. Ubiquitinated phagosomes interact via adaptor proteins with LC3 and are finally directed to the autophagolysosomal degradation pathway (Beuzon et al., 2000; Deretic et al., 2006; Creasey & Isberg, 2012) . Each Chlamydia species is well-adapted to the immune system of their respective host but is most often susceptible to defence mechanisms of divergent host spe- (Meunier & Broz, 2016; Ngo & Man, 2017) . On the other hand, GBPs also target pathogen-containing vacuoles but function by recruiting antimicrobial protein complexes that produce reactive oxygen species or components of the autophagy machinery . Rodent-adapted C. muridarum (Cmu) are able to grow in murine cells stimulated with IFNγ. Initial studies suggested that Cmu protects its inclusion by secretion of the effector TC438 that possesses cysteine protease and UDP-glycosyltransferase activity and inactivates GTPases by removal of the lipid modification (Belland et al., 2001; Nelson et al., 2005; Read et al., 2000) . However, Cmu mutants defective in TC438 were still resistant to IFNγ-induced immune defence (Rajaram et al., 2015) but failed to colonise the gastrointestinal tract as efficient as the wild type (Morrison et al., 2018) .
IFNγ-stimulated murine cells are able to restrict growth of the human-adapted strain Ctr by cell-autonomous defence mechanisms. colleagues revealed that immune attack of the inclusion by the above-mentioned effectors is highly dependent on components of the autophagy machinery (Haldar, Piro, Pilla, Yamamoto, & Coers, 2014) .
Just recently, further GBPs were shown to be recruited to the Ctr inclusion in murine cells stimulated with IFNγ, but their effect on chlamydial growth restriction was not demonstrated (Lindenberg et al., 2017) . However, the mechanism by which IRGs and GBPs detect and destroy the chlamydial inclusion is still under investigation.
Ubiquitination of escaped cytosolic bacteria represents the first step in autophagolysosomal destruction of the bacteria by a mechanism named xenophagy (Deretic, Saitoh, & Akira, 2013; Randow & Youle, 2014) . In murine cells, the Ctr inclusion was shown to be ubiquitinated and decorated with the adaptor protein p62 upon IFNγ stimulation (Haldar et al., 2015) . Ubiquitination was partially dependent on p62-mediated TRAF6 recruitment to the inclusion (Figure 1) .
Moreover, the effectors GBP1 and GBP2 were recruited to the inclusion by p62 upon ubiquitination and induced vacuole rupture to interfere with chlamydial replication (Haldar et al., 2015) . In contrast, human epithelial cells are permissive for Ctr replication but restrict Cmu growth upon IFNγ-priming (Haldar et al., 2016) . In human cells, similar mechanisms as already described for murine cells are effective (Haldar et al., 2016) . Two deubiquitinases have been identified in Ctr (Misaghi et al., 2006) , and one of these effectors called Cdu1 is secreted to the inclusion surface (Fischer et al., 2017) . Ctr lacking a functional Cdu1 protein exhibit strong inclusion ubiquitination, even in absence of IFNγ stimulation (Fischer et al., 2017) Figure 1) . Thus, the highly complex interaction of Chlamydia with cell-autonomous defence has been shaped by the coevolution of chlamydial species and their respective host as a prerequisite for intracellular adaptation (Fischer & Rudel, 2016) .
| IMPACT OF Inc PROTEINS ON INCLUSION STABILITY
Chlamydia are enclosed inside the inclusion throughout the entire developmental cycle that protects them from a variety of cellular defence mechanisms. However, the bacteria have to interact with the host cell across the inclusion membrane to actively replicate and produce infectious progeny. One common strategy is the translocation of effector proteins over or into the inclusion membrane to interact with cytosolic host cell components. The chlamydial Inc proteins represent such secreted effectors that integrate into the inclusion FIGURE 1 Species-specific chlamydial adaptation to host cell-autonomous defence mechanisms. Recognition and ubiquitination of the human-pathogenic Ctr inclusion is prevented by secretion of the effector Cdu1 that catalyses removal of ubiquitin from the inclusion surface. In contrast, Ctr replication is restricted in murine cells upon IFNγ-stimulation by inclusion ubiquitination and recruitment of ISG effectors. Mouse-adapted Cmu is protected from murine cellautonomous defence, possibly by the effector protein TC438. However, replication of Cmu in human cells is restricted by inclusion ubiquitination and autophagosomal degradation involving ISGs. Early Cca inclusion recognition is opposed by secretion of the bacterial deubiquitinase ChlaOTU membrane by their bilobed hydrophobic region (Bannantine et al., 2000) . Until today, 62 putative Inc proteins have been predicted, but only for some the molecular role during Chlamydia infection has been revealed (Moore & Ouellette, 2014; Mirrashidi et al., 2015; Nguyen, Lutter, & Hackstadt, 2018; Stanhope, Flora, Bayne, & Derre, 2017; Zhao et al., 2017) . Overall, Incs play a role in host-pathogen interaction, structural integrity of the inclusion, and inhibition of chlamydial recognition by host surveillance systems (Sixt et al., 2017; Weber et al., 2017) . Rab GTPases represent one family of Inc interaction partners by which Chlamydia are able to manipulate vesicular and membrane trafficking as well as contact of the inclusion to specific organelles of the host cell (Damiani et al., 2014) . By selective recruitment of Rab GTPases, Chlamydia interact with vesicles of the recycling and biosynthetic pathways enriched for lipids and other metabolites and prevent acquisition of Rabs associated with phagocytic pathways (Brumell & Scidmore, 2007; Damiani et al., 2014; Rzomp, Scholtes, Briggs, Whittaker, & Scidmore, 2003) . However, some Rab GTPases are recruited individually by specific species whereas others are present on the inclusions of every Chlamydia species (Rzomp et al., 2003) .
Chlamydia are dependent on the acquisition of host cell lipids such as phospholipids, sphingomyelin (SM), and cholesterol for their replication (Elwell & Engel, 2012; van Ooij et al., 2000) . Chlamydia established multiple pathways to obtain these lipids: recruitment of Golgi-derived exocytic vesicles, multivesicular bodies, lipid droplets, or via the cytosolic ceramide transfer protein (CERT; Agaisse & Derre, 2014; Cocchiaro, Kumar, Fischer, Hackstadt, & Valdivia, 2008; Elwell et al., 2011; Moore, Fischer, Mead, & Hackstadt, 2008) . Block of host cell lipid production or chlamydial lipid acquisition pathways were shown to severely affect inclusion stability and chlamydial infectivity (Robertson, Gu, Rowe, & Beatty, 2009) . Inhibition of host cell SM synthesis by the SM inhibitor Myriocin resulted in formation of nonfusogenic inclusions, early RB to EB redifferentiation and loss of inclusion membrane integrity with subsequent release of the bacteria into the host cell cytosol (Robertson et al., 2009 ). However, the detailed molecular mechanism that leads to inclusion instability has not been described. Specific shutdown of two of the individual lipid acquisition pathways-trans-Golgi and multivesicular bodies trafficking-did not lead to inclusion membrane instability. Therefore, the authors postulated the involvement of additional factors that regulate inclusion expansion and stability (Robertson et al., 2009) . A more detailed characterisation of the alternative lipid acquisition pathways revealed their impact on chlamydial intracellular growth. These studies demonstrated that SM obtained by the vesicle-independent pathway via CERT is important for chlamydial replication and formation of infectious progeny. CERT mediates the transfer of ceramide from the endoplasmic reticulum (ER) to the Golgi at ER-Golgi membrane contact sites (MCS), which is subsequently converted into SM by SM-synthases (Hanada, 2017; Hanada, Kumagai, Tomishige, & Yamaji, 2009 ). ER-inclusion MCS are formed (Derre, Swiss, & Agaisse, 2011) , in part through IncV-VAP interaction (Stanhope et al., 2017) . At ERinclusion MCS, IncD recruits CERT and CERT interact with VAP (Agaisse & Derre, 2014; Derre et al., 2011; Elwell et al., 2011) . SMS2 localise to the inclusion (Elwell et al., 2011) . Derre and Elwell proposed that SM is synthesised at the inclusion membrane. Depletion of CERT or VAP-A resulted in reduced inclusion formation and infectivity as well as chlamydial SM uptake but had no impact on inclusion stability (Derre et al., 2011; Elwell et al., 2011) . On the contrary, it was shown that SM obtained by Golgi-derived vesicles is important for inclusion growth and stability (Elwell et al., 2011) .
Fragmentation of the Golgi induced in Chlamydia-infected cells has been implicated in the uptake of SM-rich vesicles into the inclusion. The Golgi-associated Rab proteins Rab6, Rab11, and Rab14 were first shown to be recruited to the inclusion and to be essential for this pathway (Capmany & Damiani, 2010; Heuer et al., 2009; Rejman Lipinski et al., 2009; Rzomp et al., 2003) . The small GTPase Arf1 and its guanine nucleotide exchange factor GBF1 regulate vesicle formation and transport at the Golgi. Both are also associated with the chlamydial inclusion, and Arf1 recruitment to the inclusion depends on the chlamydial effector CT813/InaC (Figure 2 ; Kokes et al., 2015; Moorhead et al., 2010; . Depletion of GBF1 negatively affects inclusion expansion and stability but has no impact on chlamydial replication (Elwell et al., 2011) . Arf1 is known to regulate the Actin cytoskeleton and Vimentin intermediate filaments by recruitment of phosphoinositide kinases (Myers & Casanova, 2008; Styers, Kowalczyk, & Faundez, 2006) . Moreover, inclusion stability was shown to be dependent on Actin and Vimentin cytoskeleton filaments stabilising the bacterial vacuole (Figure 2 ; Wesolowski & Paumet, 2017) . During mid-and late-phase of infection, the growing inclusion is encased in a compact and tight mesh of Actin and Vimentin promoting structural stability. Disruption of Actin cytoskeleton results in remodelling of the inclusion, loss of membrane integrity, and the spillage of chlamydial particles into the host cell cytoplasm. Also, the Vimentin mesh is lost upon Actin depolymerisation. On the other hand, disruption of Vimentin filaments leads to less compact and disordered Actin rings around the inclusion . Thus, inclusion instability resulting from GBF1-depletion might be a consequence of Actin cytoskeleton rearrangements (Elwell et al., 2011) .
Just recently, three additional Inc proteins have been identified that mediate inclusion stability (Sixt et al., 2017; Weber et al., 2017) .
By targeted gene disruption of individual Inc proteins in Ctr, mutants of IncC, CT383, and CT229/CpoS exhibited a significant growth defect and premature inclusion lysis followed by host cell death. These results were further confirmed in mouse genital infection studies . Independent studies identified several Rab proteins as interaction partners of CT229/CpoS, and inhibition of host cell protein biosynthesis or anterograde vesicular trafficking rescued the growth defect of CT229/CpoS mutants and prevented host cell death (Rzomp, Moorhead, & Scidmore, 2006; Sixt et al., 2017; Weber et al., 2017) . The inclusions of all three Inc mutants were targeted by STING, a sensor of cytosolic DNA or cyclic di-nucleotides that induced IFN-signalling upon activation. However, the subsequent mechanism by which the Chlamydia were recognised and attacked by the host cell varied. Whereas STING-signalling in CT229/CpoS mutant-infected cells led to host cell death independent of interferon responses (Sixt et al., 2017) They may function as structural maintenance proteins of the inclusion membrane, signalling hubs or scaffolds to subvert host cell defence.
We are just beginning to understand these intricate interactions at the boarder of the chlamydial replication niche in its intracellular environment.
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